Electric conductivity of (Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramics obtained from nanopowders synthesized by high-energy milling from respective oxides was studied in the frequency range 10 mHz ö1 GHz. At room temperatures the low-frequency conductivity was found to be dominated by the contribution from poor-conducting grain boundaries, whereas the contribution in the range 1 kHz ö 1 MHz, due to the grain interior, was related by us to the small polaron hopping. Moreover, the electron exchange between ferric and ferrous ions activated at higher frequencies was found to be added to the conductivity above ≈ 1 MHz.
Introduction
Bismuth ferrite BiFeO 3 (BFO) is one of the most extensively studied multiferroic materials due to its antiferromagnetic and ferroelectric order at room temperature.
The application of BFO is, however, limited because of weak magnetoelectric coupling characteristic of multiferroics with large dierence between the ferroelectricparaelectric transition temperatures (T C = 1100 K) and the Néel temperature (T N = 640 K) [1] . The synthesis of BFO-based multiferroics with a strong coupling between spontaneous polarization and magnetization is still challenging for possible applications in transducers, resistive switching elements, information storage, and spintronics [26] . One of the methods used is to form solid solutions with ABO 3 perovskites and PbTiO 3 (PT) has been considered as the most promising candidate [7] . Interesting results were reported by Zhu et al. who established both the structural and the magnetic phase diagram of (1-y)BiFeO 3 -yPbTiO 3 system [8] . The authors reported rhombohedral structure for y ≤ 0.20, orthorhombic symmetry for solutions with 0.20 ≤ y ≤ 0.28 and tetragonal phase for y ≥ 0.31. Moreover, they pointed out that the compositions with BiFeO 3 :PbTiO 3 ratio around 50:50 favors a formation of chemically ordered microregions (with superlattices of Fe 3+ and Ti 4+ ). La 3+ doping was proposed to improve the magnetoelectric eect in BiFeO 3
by Paj¡k, Poªomska and Kaczmarek [9, 10] and by Sosnowska et al. [11] . The doping has been used to the (1-y)BiFeO 3 -yPbTiO 3 system a decade later [1218] .
The properties of La 3+ doped (BiFeO 3 ) 0.5 (PbTiO 3 ) 0.5 with lanthanum content 0 ≤ x ≤ 0.5 synthesized by solid-state reaction technique were studied repeatedly [14, 1619] and the resulting T −x phase diagram points * corresponding author; e-mail: ewamar@ifmpan.poznan.pl to a tetragonal symmetry with P 4mm space group for low La-content, whereas rhombohedral symmetry with R3c space group was ascribed to the solution with x = 0.5. As the compounds of BFO with PbTiO 3 exhibit structural change from rhombohedral to tetragonal structure [8] and La 3+ doping may turn the structure again to the rhombohedral symmetry [1, 11] , we prepared The results of the Raman spectroscopy studies of the obtained nanopowders pointed to a change in the crystallographic structure of the BLFOPT solutions with Lacontent between x = 0.16 and x = 0.20 [23] . Our dielectric response studies revealed also relaxor-like behavior below 300 K in ceramics prepared from the mechanosynthesized nanopowders due to structural disorder, an anomaly at ≈ 400 K related to oxygen vacancies and only for solution with x = 0.50 the Curie point anomaly at ≈ 500 K was observed [24] . Moreover, a coexistence Figure 3 shows frequency dependences of the conductivity and dielectric permittivity for samples in the La-content range where the changes in the Raman spectra have been observed [23] . It should be noted that the conductivity σ measured at a given frequency f and temperature T contains a frequency independent contribution σ dc and a contribution σ ac which depends on the frequency f :σ (T, f ) = σ dc (T )+σ ac (T, f ).
The rst term is related to the drift mobility of the charge carriers, whereas the heterogeneity of the sample determines the σ ac (T, f ) behavior [2527] . The heterogeneity of BFLOPT ceramics is rather complex and we have to consider that as consisting of highly-conducting grains separated by grain boundaries with high electric resistivity [27] . [29] . In the text above, vacancy is denoted as empty square, hole as h and electron as e. Fig. 3 . Frequency dependences of the conductivity σ and dielectric losses (tanδ) of (Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramic samples with various x at room temperature.
The motion of the charges in external electric eld E results in a space charge polarization accumulated at the grain boundaries. When the frequency f of E increases the charge hopping between the ions/vacancies of dierent valence cannot follow the ac eld and the dielectric permittivity ε decreases. The grain boundary eect is predominant at low frequencies [27] and for BLFOPT ceramics one can observe the contribution from 10 −2 Hz to ≈ 1 kHz at room temperature (Fig. 3) . At higher frequencies the conductivity is mainly due to the interior of the grains with a structural disorder and the σ ac (f ) values in the frequency range from ≈ 1 kHz to ≈ 1 MHz at room temperature are nearly proportional to the frequency f . It should be observed that the energy levels of electrons and holes in the material are localized on specic atoms/vacancies which can appear in dierent valence states, therefore we would like to consider thermally activated motion of electrons and holes to adjacent sites as small polaron hopping [28, 29] . An increase in the conductivity at higher frequencies may be related to a contribution of another process for instance It should be observed that the material exhibits also ferroelastic properties and structural changes in the interior of the grains modify also the properties of the grain boundaries.
